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SUMMARY 
A frequently used configuration for pressure gradient (PG) microphones, 
designed to measure the spatial acoustic pressure variation (gradient) at a 
point in space, is a short circular cylinder having either two pressure trans- 
ducers flush-mounted into the ends of the cylinder body, or a single differ- 
ential transducer measuring pressure difference between cylinder ends. 
Acoustic scattering on a microphone body can severely limit the useful 
frequency range of pressure gradient microphones. These scattering effects 
were investigated experimentally between ka values of 0.407 and 4.232 using 
two circular cylindrical models (L/D = 0.5 and 0.25) having a 25 cm outside 
diameter. Small condenser microphones, attached to preamplifiers by flexible 
connectors, were installed from inside the cylindrical bodies. A 38 cm 
diameter woofer in a large speaker enclosure was used as the sound source. 
The experiment was done in the new anechoic chamber at the NASA Langley 
Research Center. Sound waves were not assumed to be plane. 
Surface pressure augmentation and phase differences were computed from 
measured data for various sound wave incidence angles. Results are graph- 
ically compared with theoretical predictions supplied by NASA for ka = 0.407, 
2.288, and 4.232. All other results are tabulated in the appendices. With 
minor exceptions, the experimentally determined pressure augmentations agreed 
to within 0.75 dB with theoretical predictions. The agreement for relative 
phase angles was within 5 percent without any exceptions. This is excellent, 
and approaches the realistic repeatability limits in an acoustic experiment 
of the type reported here. The fact that such agreement was achieved means 
that the theoretical procedure is fully validated and can be used in investi- 
gating; with confidence, scattering about any axisymmetric shape. It also 
means that the experimental technique employed possesses the necessary pre- 
cision to explore acoustic scattering situations where a theoretical analysis 
might not be feasible at the present time. 
Scattering parameter variations with ka and L/D ratio, as computed from 
experimental data, are also presented. This type of data represents a useful 
tool in the design of pressure gradient microphones. 
INTRODUCTION 
As its name implies, the function of a pressure gradient (PG) microphone 
is to measure the slope in the spatial acoustic pressure variation. In 
practice, the slope is determined from simultaneous acoustic pressure measure- 
ments using either two back-to-back mounted pressure transducers, or a single 
transducer exposed to the ambient pressure on both sides. A common geometric 
configuration for a PG microphone is a short circular cylinder. PG micro- 
phones are used in conjunction with ordinary pressure (P) microphones to study 
the acoustic source details by taking measurements in the far field. They 
can also be used to measure the acoustic intensity vector. In this appli- 
cation, the particle velocity is obtained from the local pressure gradient 
by means of the momentum equation. 
In designing pressure gradient microphones for maximum frequency 
response, it is mandatory that the effect of the presence of the microphone 
body on the measurables be fully taken into account. Only then is it pos- 
sible to design a PG microphone that, depending on the operating frequencies, 
is either practically distortion free, or if not, can still be utilized 
successfully if proper corrections are made. Such corrections can be deter- 
mined from preliminary investigations of the type described in this report. 
As far as it could be determined, the first systematic theoretical effort to 
optimize body shapes for reducing the effect of body scattering on pressure 
gradient microphone frequency response was reported in Ref. 1. The present 
study was aimed at an experimental verification of the findings of that work. 
The main reason for the microphone disturbance of the acoustic pressure 
field existing in the absence of the microphone body is due to-acoustic 
scattering by the body surface. Until recently, scattering fields 
could be computed only for simple geometric shapes whose surfaces 
constitute a coordinate surface in a coordinate system in which the wave 
equation is separable. The oblate spheroids constitute one such family of 
body shapes. This was the reason prompting the selection of that particular 
body shape as the scattering model in Ref. 2. The idea there was to confirm 
experimentally the scattering pressure distributions generated by a computer 
program. Having demonstrated very good agreement between experiment and 
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theory in that instance, it was decided to extend the proven experimental 
technique to bodies of revolution holding a greater practical interest from 
a point of view of application in PG microphones; namely circular cylinders 
of various length-to-diameter ratios. At the time the present work was 
initiated, no theoretical scattering solutions for this geometric shape 
were available. The situation has changed in the interim, and the present 
report contains numerous comparisons between experimental and analytical 
results. 
Our approach in the experiments is to make the scattering models large 
(25 cm diameter) and hollow, which brings about several advantages. The main 
advantage of the size is that it affords a reasonable surface spatial resolution 
with use of conventional transducers that have a high pressure sensitivity. 
The additional advantage accrued consists in our ability to mount the trans- 
ducers from inside the body and to run the electrical conduits through the 
model support pipe. This results in a very clean configuration, which in its 
"lollypop" shape closely resembles a PG microphone. 
To maintain a uniform incident spherical sound field, tests were conducted 
inside an anechoic chamber. Although during the course of the contract work 
models of various L/D ratios were designed and fabricated, some having various 
types of edge roundness, lack of time and funds allowed testing only with 
two square-edged circular cylinder models having L/D of 0.5 and 0.25. It 
has been shown recently (in Ref. 1) that L/D = 0.5 is about the optimum 
aspect ratio for a PG microphone and that the effect of rounding the edges 
on the usable frequency range is minimal. In view of these findings, 
the two models tested do not constitute an overly restricted range of 
variables. 
The data acquisition procedure, as finally adopted, was fully automated 
and was under computer control. This included changes in frequency, 
incidence angle, multiplexed measurements, and averaging of six different 
pressure amplitudes and five relative phase angles. John M. Seiner of 
the NASA Langley Research Center prepared the computer program that controlled 
the experimental data acquisition. 
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EXPERIMENTAL APPARATUS 
INITIAL FXPERIMENTS USING PIEZOELECTRIC TRANSDUCERS 
Our original plan was to conduct all scattering experiments in the 
anechoic chamber of the Pennsylvania-State University. The chamber and the 
loudspeaker were tested using a standard condenser microphone mounted in a 
two-dimensional transversing mechanism. These tests helped to decide on 
proper locations for both the loudspeaker and the scattering models, and which 
frequencies would be particularly suited for scattering experiments. 
(Within a desired frequency operating range these frequencies depend on the 
loudspeaker characteristics and on room acoustics.) 
In the original configuration, scattering models were instrumented with 
piezoelectric type pressure transducers. Unfortunately, after extensive tests, 
it was realized that these transducers were unsuitable because, owing to the 
scattering model design and its support within the anechoic chamber, slight 
mechanical vibrations were induced in the scattering model when the loudspeaker 
output power wasraised to a sufficiently high level to produce reasonable 
signal levels from the piezoelectric transducers. Under these conditions the 
transducers began acting as accelerometers and the acoustic signal was no 
longer recognizable. It was decided to switch to condenser microphones as 
pressure transducers. This meant added design and machining effort. 
Unavoidably, this change caused some delays and a certain amount of duplication 
of effort. 
FINAL EXPERIMENTAL ARRANGEMENT 
The experiment was ultimately conducted in the new anechoic chamber 
at the NASA Langley Research Center. The inside dimensions of the chamber 
are 3 by 4 by 2.5 m (2.5 being the height). Preliminary tests showed the , 
chamber to be anechoic down to below 178 Hz, the lowest frequency used in the 
experiments. 
The tests consisted of measuring the surface pressures and phase angles 
on two circular cylindrical bodies (L/D of 0.5 and 0.25) exposed to the 
I 
harmonic sound field emanating from a 38 cm diameter lead guitar speaker mounted 
in a 100 Hz enclosure. The distance between the loudspeaker and the center 
of the cylinder model was 1.35 m. A photograph of the loudspeaker and a 
cylindrical model mounted inside the anechoic chamber is shown in Fig. 1. 
Circular. Cylinder Models 
A simplified drawing of the scattering model is shown in Ffg. 2. Two 
circular cylinder models were used in the tests. They both had an outside 
diameter of 25 cm, but different.L/D ratios: 0.5 and 0.25. These 
particular L/D ratios were selected because of the strong indication in 
Ref. 1 that 0.5 is about the optimum L/D ratio for a PG microphone. The 
models were machined from aluminum and consisted of six major parts each. 
Two transducer (microphone) holders were each mounted in an end plate that 
could be rotated around the cylinder axis. The cylinder body itself was 
made of two parts to provide access to the interior. One of the microphone 
holders had provisions to hold five 0.635 cm diameter microphones 
arranged on a radial line at 2.46 cm centers, starting with one microphone 
on the cylinder axis. The other microphone holder, which was installed in 
the end plate at the opposite end of the model, contained only a single 
microphone on the cylinder axis. Figure 3 shows a photographic view of the 
inside of the cylindrical model, which also shows the special adaptors for 
flush mounting the microphone cartridges. 
The model was supported in the anechoic room on a model holder machined 
from a 3.175 cm diameter pipe. Microphone cables were run through the inside 
of this holder. The holder itself was attached to an in-line small electric 
stepping motor to ,provide accurate rotational positioning of the model 
about a vertical axis. 
To ensure proper alignment between the loudspeaker and the model end 
face, a surface mirror was installed temporarily at the center of the latter, 
while a laser gun was placed normal to the speaker surface using the special 
adaptor bracket shown in Fig. 4. The alignment was accomplished by first 
leveling the top of the speaker enclosure using a carpenter's level, and then 
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Fig. 4 Loudspeaker Adapter Bracket for Alignment with Laser Gun 
Fig. 3 Interior of Cylindrical Model 
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turning the loudspeaker about a.vertical axis and adjusting relative heights 
and the position of the model until'the reflected laser beam almost coincided 
with the beam reaching the mirror. 
Instrumentation ' 
Acoustic surface pressures and phase angles were measured with six 
0.635 cm diameter (pressure response) microphones in conjunction with 
commercially available right angle flexible connectors. The flexibility of 
the connectors. made the microphone assembly less sensitive to mechanical 
vibration and made it possible to install five preamplifiers in a rather 
confined space. The microphone installation from inside the model is shown 
in Fig. 5. Microphones and their‘preamplifiers were electrically insulated 
from the model body, and thus from each other, by plastic preamplifier 
holders and nylon seals inside the flush mounting adaptors. Holes in the 
microphone holders were sized to ensure that the cartridges did not touch 
the microphone holder. 
Sound pressure levels in the absence of the cylinder model were 
measured with a 1.3 cm diameter condenser microphone, which had been 
calibrated with a piston-phone calibrator. 
Equipment used during the experiments to drive the speaker and to measure 
acoustic pressures, phase angles, and incidence angles is shown schematically 
in Fig. 6. Also shown is the computer that controlled the experiment. In 
addition to this instrumentation, anechoic room temperature and barometric 
pressure were also recorded and stored in the computer. These values were 
used to compute the speed of sound. The photograph in Fig. 7 shows some 
of the instrumentation used in this experiment. 
Microphone Calibration 
Microphones were calibrated for signal amplitude by means of a 
acoustic calibration piston phone at a SPL of 124 dB at 250 Hz. Phase 
response for each microphone was determined using an electrostatic actuator, 
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Fig. 6 Data Acquisition Circuit Schematic 
Fig. 7 Computer and Some of the Instrumentation Used in the Scattering Experiments 
DISCUSSION OF RESULTS 
Experimental results are presented in the form of three parameters: 
the surface pressure augmentation ratio IT, relative phase angle, and the 
scattering parameter o. Experimentally determined r and phase angle 
variations are compared with theoretical values provided by.Thomas 
D. Norum of the Aeroacoustics Branch, NASA Langley Research Center. The 
methodology employed in the theoretical solution of the scattering problem 
for the particular problem of circular cylinders of finite length is 
described in Ref. 1. Numerical results became available after the 
initiation of the experimental program. 
SURFACE PRESSURE AUGMENTATION 
The surface pressure augmentation ratio v is defined as the absolute 
value of the ratio of the surface pressure existing at a given point on the 
surface of the cylinder body to the acoustic pressure that would exist at 
the same point in space in the absence of the cylinder body. It is, thus, 
a measure of the rearrangement in the acoustic field brought about by the 
introduction of the cylindrical body. The absolute value of the ratio is, 
of course, equal to the ratio of the rms values, which are the actual 
measurables. In the experimental procedure followed, each pressure measure- 
ment recorded is an averaged value over ten samples taken in quick 
succession, producing an averaging time of approximately 1.3 seconds. 
The reference acoustic pressures were obtained from SPL measurements at a 
position close to the model, with the model removed from the anechoic chamber. 
In computing Tr, corrections to the reference pressure were introduced for 
each model incidence angle to account for the difference in the loudspeaker 
to microphone distances for the microphones in the model surface. 
Surface pressures were measured and TI computed for 22 frequencies, 
ranging from 178 to 1850 Hz; in terms of the ka ratio, this covers a range 
from 0.407 to 4.232. Since, as mentioned previously, only one horizontal 
radius on one cylinder end face and the center point of the end plate on the 
opposite end were instrumented with microphones, the model was turned to 
eight different incidence positions and the model end face rotated 180' 
about its axis positions (from 8 = 180" to 8 = -135" in 45" steps) to 
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provide enough data for the front and back surfaces at three incidence angles: 
180°, 135O and 90". Figure 8 presents geometric definitions of the incidence 
angle 8 and the end face nondimensional position x. Circular cylindrical 
models having L/D ratios of 0.5 and 0.25 were tested; in the latter case, the 
end face was not rotated 180° about its axis. 
Results are presented for three ka values: 0.407, 2.288, and 4.232 
(in terms of frequency: 178, 1000, and 1850 Hz). Results for intermediate 
ka values are tabulated in Appendix A. 
Theoretical results are shown in Fig. 9 as solid lines for the front 
end face and as dash-dot lines for the back face. Triangles and circles 
stand for experimental measurements on the front and back end faces, 
respectively. The figure shows the experimental and theoretical pressure 
augmentation (TT) distributions on the front and back of the L/D = 0.5 model 
end faces for ka = Oi407. As expected from Ref. 1, at this low ka value 
the effects of the model's presence are quite weak. The agreement between 
experimental and theoretical values is excellent. 
The corresponding n distributions for the same cylindrical model at 
ka = 2.288 are shown in Fig. 10. Scattering effects are very clearly 
evident. At 0 = 180°, the pressure at the center of the front face is about 
three times its free-field value. On the back face, which also exhibits 
strong scattering effects, one can see the beginning of the development 
of a diffraction ring pattern, which is well known in optics. The agreement 
between experimental and-theoretical values is again, very good. Curves of 71 
for the same model at ka = 4.232, shown in Fig. 11, attest to a very strongly 
scattering-dominated situation having a more elaborate fine structure. 
Diffraction rings on the rear face are fully developed. At 8 = 135", the peak 
value is located about half way on the radius further removed from the sound 
source. The agreement between theory and experiments is still quite good, 
but not as perfect as for the lower frequency cases. Slight disagreements 
can be noted at those positions where the theory predicts rather steep local 
peaks or valleys. As to the possible causes of these slight disagreements, it is 
important to realize that the experimental and theoretical representations of 71 
differ in that each represents a different finite element of surface. The 
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Fig. 11 Surface Pressure Augmentation on an L/D = 0.5 Cylinder Body at ka = 4.232 
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is that of a circular microphone. In both cases the elements are not small at 
high values of ka, and the difference between computed and measured distribution 
of IT at high ka is expected. Furthermore, one should also keep in mind that 
whereas the theory assumed an ideal point source and a perfectly anechoic 
environment, in the real world no loudspeaker is a true point source at 
all frequencies and no room is perfectly anechoic. Sharp peaks or valleys 
in surface pressure would require near perfect local signal addition or 
cancellation; these are extremely difficult to duplicate in an experimental 
environment. 
Figures 12-14 show comparisons of experimental pressure augmentation 
results with theory for a cylinder having half the length (L/D = 0.25) of 
that used to obtain data just presented. Trends are similar to those for 
the longer cylinder; however, there are noticeable differences in the corres- 
ponding IT values. Generalizations on the effects on scattering brought 
about by halving the L/D ratio are hard to make. The effect seems to 
depend on the sound frequency and on the incidence angle. For instance, 
one can see by comparing Figs. 11 and 14 that at ka = 4.232 the shorter 
cylinder showed stronger scattering effects at 0 = 180" and 90", but at 
8 = 135' n values for the longer cylinder were larger. 
Agreement between theory and experiment for L/D = 0.25 is generally very 
good, except for 0 = 180' at ka = 4.232 (Fig. 14). For some unknown reason, 
experimental data fell about 0.6 dB higher than the theoretical prediction 
at the center and about 0.8 dB higher towards the cylinder edge. It was 
not possible to repeat this particular configuration. 
PHASE ANGLE VARIATIONS 
Pressure phase variations were measured in conjunction with rms pressure 
measurements on the same two cylindrical models over the same range of test 
conditions. Phase angles relative to the microphone signal at the center 
of the model were measured with a phase meter. Results of the pressure 
phase meausrements are presented in Figs. 15 through 21. As before, 
triangles and circles represent measured data on the model front and 
rear face, respectively, while the corresponding theoretical results are 
indicated as solid, or dash-dot lines. All phase angles are relative to 
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the phase at the center of the model front end face. Note that the plots 
showing phase variations corresponding to ka = 0.407 have an expanded scale s 
to better display the modest phase differences at this low frequency. As 
expected, phase differences become more pronounced as the ka product 
increases. Compared to variations of pressure augmentation, curves of relative 
phase exhibit much less fine structure and have a more monotonic character. 
A comparison of corresponding phase variations for the L/D = 0.5 and 0.25 
cylinder bodies leads to the following not surprising conclusions: First, the - 
trends of phase variations are similar in both instances; secondly that at 
the 8 = 90" incidence angle the variations are practically the same, as one 
would expect; and, thirdly, that at incidence angles other than 90", the 
phase differences between the cylinder front and rear end faces are larger 
for the longer cylinder. This is also logical since the path the sound waves 
have to travel between corresponding points is longer for the longer cylinder. 
An attempt was made to collapse the experimental results into curves valid 
for both L/D ratios by including simple geometric considerations, This did 
not lead to a satisfactory result. 
The agreement between experimental phase data and theoretical predictions 
throughout the entire range of experimental variables is excellent. This is 
very rewarding since it represents a convincing verification both of theory 
and of the experimental appraoch, including such things as the suitability 
of the anechoic chamber, model design, and choice of loudspeaker and 
instrumentation. 
SCATTERING PARAMETER 
Whenever an acoustic pressure gradient at a point in space is measured 
with a pressure-difference sensor of finite dimensions, inaccuracies are 
introduced into the pressure gradient determination both by the scattering 
effects owing to the sensor's body and to the need for approximating a gradient 
from finite difference measurements. To assess the extent of these effects 
in a particular test configuration, it is expedient to introduce a scattering 
parameter u. This parameter was first introduced in Ref. 2 and was used 
later extensively in Ref. 1. It is rederived here in Appendix B for the 
19 
particular case of spherical sound waves. It can be noted from the derivation 
that in terms of decibels u would equal zero if the measurement could yield the 
actual free field Flues. 
Figure 21 shows a plot of u in decibels vs. the ka product, as computed 
from experimental data for the L/D = 0.5 and 0.25 cylinder models. Incidence 
at 8 = 180" and measurements from single pairs of microphones (front and back 
at x = 0) were used to prepare this graph. Two sets of experimental data are 
shown for the L/D = 0.5 case; they correspond to the microphones on the model 
being either between x = 0 and x = 1, or between x = 0 and x = -1 (see Fig. 8), 
respectively. These data are identified by different symbols in order to 
display the degree of reproducibility. Also shown in the figure are the 
theoretical predictions for L/D = 0.5 and L/D = 0.25 from Ref. 1. In spite of 
the fact that in Ref. 1 plane acoustic waves had been assumed, the agreement 
with experimental values is satisfactory. It has been shown previously 
(Ref. 2) that the results are not much different if larger front and back 
areas are included. It is apparent from Fig. 21 that the L/D = 0.5 cylinder 
is better suited for PG microphone applications since its indicated acceptable 
upper frequency limit is higher. 
The practical usefulness of scattering parameter plots of the type 
depicted in Fig. 21 becomes evident in microphone size selection, once the 
allowable u value and the maximum operating frequency are fixed. 
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CONCLUSIONS 
Surface pressure augmentation and pressure phase changes brought about 
by acoustic scattering in a spherical sound field were experimentally 
determined for short circular cylinders having L/D ratios of 0.5 and 0.25. 
As expected, scattering effects were found to become more pronounced as 
the sound frequency was increased. Pressure augmentations in excess of 
three were measured. 
Very good agreement was achieved between measured pressure augmentations 
and phase differences with theoretical values supplied by the Aeroacoustics 
Branch of the NASA Langley Research Center. This attests both to the 
suitability of the experimental approach and to the reliability of the theoreti- 
cal model. Based on these results, scattering parameter variations were 
computed. for both cylindrical bodies. 
The scattering parameter curves are very useful in the preselection of 
proper geometries for pressure gradient microphones. It has been found that 
the longer cylinder model (L/D = 0.5) would possess a wider frequency 
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Measured pressure augmentation ratios and relative phase angles for 8 
incidence angles and 22 frequencies between 178 to 1850 Hz are fully 
tabulated in this appendix. The tabulation is divided into three sections. 
Case 1 contains data for the L/D = 0.5 cylinder with the microphones l-5 
at the nondimensional positions X = 0, '-0.1968, -0.3931, -0.5905, and -0.7873. 
Position 6 is always on the opposite cylinder end face at X = 0. Case 2 
covers the same cylinder but for microphones rotated 180° about the 
cylinder axis, i.e., the X values are 0, + 0.1968, etc. Case 3 contains 
data for the L/D = 0.25 cylinder with the microphone positions as in Case 2. 
Pressure augmentation ratios are designated by PI, phase angles relative to 
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DERIVATION OF THE SCATTERING PARAMETER 
FOR THE CASE OF SPHERICAL ACOUSTIC WAVES 
As long as the microphone itself is of finite size and its pressure- 
sensing elements are separated by a finite distance, a pressure gradient 
microphone having any arbitrary shape will be subject to three effects that 
tend to impede its pressure gradient measurement capability. The most obvious 
effect arises from the inherent need to approximate a gradient at a point 
in space by a slope determined by finite differences. The other two effects 
are related to scattering, and it is primarily for the purposes of clearer 
analysis that they are considered as two distinct phenomena. One arises from 
the fact that even at low frequency, pressure phase distortion takes place due 
to the presence of the body. Finally, the last effect is attributable to 
pressure amplitude and phase changes due to high frequency scattering. 
The derivation of a scattering parameter o which incorporates all three 
phenomena for the plane wave case has been previously presented in Refs. 1 and 
2. This appendix is devoted to the derivation of an analogous expression 
for o for the case where the distance between the sound source and scattering 
body is not large enough for the plane wave approximation to hold. In the 
experiments described in this report, the acoustic waves were considered 
to be spherical. 
The complex pressure in a spherical wave field is assumed to be in the 
form 
ikr e 
Pi = Pokr 
Note that the assumed sinusoidal time variation is suppressed. Let the center 
point of a cylindrical body having a face-to-face separation Ar be located 








( ik F e R+ F -. 
(ikR-1)Ar 
(B-1) 
In analogy with previous work in Refs. 1 and 2, the term in the square 
brackets can be viewed as the finite difference factor. 
The body shape calibration factor K, accounting for low frequency phase 
distortion, is introduced through the definition 
K=lim 
ka-0 (B-2) 
where Ap is the measured pressure difference. 
The effects of finite difference measurements and of low and high 
frequency scattering can be investigated by means of a scattering parameter 
0, defined as 
Q = 
KU Ar(ikR-1) Ar -ikAr/2 e - 
R-Ar/2 
. 
aPi H a-r r=R 
(B-3) 
After substitution for 
0 
a 
ar ' combining all complex terms, with the r=R 
exception of Ap into the denominator, and evaluation of the absolute value, 
Eq. (B-3) assumes the form 
47 
u= 








2- cos2k ar 2 
kr PO = pi 
the expression for the scattering parameter can be written as 
cl= 
Kk2-(-$)21 IApI 
2 2 sin 
Ar 
cos k- 2 
(B-4) 
This is the expression which was used to compute scattering parameters from 
experimental data. It should be noted that since pressures are non- 
dimensionalized by the incoming pressure, no distinction need be made 
between maximum pressure amplitudes, or the rms values which are actually 
measured. The Ap difference, of course, takes into account the pressure 
phase differences. 
In Fig. 21 u is plotted on a decibel scale, i.e., the ordinate on the 
plot is 20 log 0. 
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